Abstract-A new, approximate, corrugated waveguide filter design method is developed for thin film optical waveguides. The method determines both the corrugation period and depth, measured along the guide's surface, given a specification of the filter's reflection coefficient. The design technique is based on a combined effective index approach and Fourier transform, inverse-scattering theory for one-dimensional, dispersionless, dielectric media. Use of the general technique is illustrated by the design of two corrugated waveguide filters. The design results are compared with those obtained using the first Born approximation, nonlinear renormalization, and the exact Gel'fand-LevitanMarchenko method for two component inverse-scattering systems.
I. INTRODUCTION ORRUGATED thin film waveguides play a major C role in lightwave devices [ 11. Applications include distributed feedback lasing [2] , bistable switching [3] , phase matching in nonlinear materials [4]- [6] , grating coupling [7] , and optical filtering [8]- [15] . In many of these applications, the corrugation is periodic. In an aperiodically-corrugated thin film waveguide, however, the frequency-dependent coupling between waveguide modes can be used to produce a corrugated waveguide filter (CWF) which has a specified spectral response [ 111. This response is often written as r ( A ) , where r is the reflection coefficient of the filter and A is wavelength. Techniques to determine the required corrugation, or equivalently the aperiodically-varying coupling coefficient, given r ( A), have been previously proposed by Matsuhara et al. [ 161-[17] and Song and Shin [18]. Matsuhara's approximate technique relies on the theory of linearly chirped gratings, while Song's method uses an exact quantum-mechanical inverse-scattering technique. In this paper, we develop a new design approach based on Fourier transform inversescattering methods [ 191-[24] and the effective-index theory of waveguide modes [25] .
The technique of Matsuhara and Hill starts with the well-known fact that the exchange of power between two contradirectional waveguide modes can be described by a pair of coupled-mode equations [25] . The unknowns in these equations are the spatial variation of the corrugation period and its depth measured along the guide. Their techManuscript received November 27, 1989 ; revised June 8, 1YY0. This work was supported by the National Science Foundation Grant #ECS-8909802 and the Rackham Graduate School. University of Michigan. Ann Arbor.
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Techniques nique is based on three assumptions. First, at any wavelength A, significant coupling between the two waveguide modes occurs only at the corrugation point z ( A), where the Bragg condition is satisfied. Secondly, in regions centered about point z ( A), the corrugation can be modeled as a constant depth, linearly chirped, grating. Thirdly, the reflection coefficient at wavelength h can be computed as if the extent of the linearly chirped grating were infinite. Using these three approximations, a relationship is derived between the corrugation period and the corrugation depth at each point along the guide. Once the corrugation depth profile is given, the required corrugation period can be determined. As Matsuhara and Hill point out, their technique uses only the magnitude of the reflection coefficient, and thus it cannot be applied when the filter's phase response is specified. More importantly, the technique does not indicate how to choose the corrugation depth profile. Furthermore, Matsuhara and Hill give examples where an inappropriate choice yields a poor design.
The method of Song and Shin uses the Gelfand-Levitan-Marchenko (GLM) exact inverse-scattering technique, which was developed for quantum mechanics [26] . The goal of the quantum mechanical problem is to determine the Schrodinger wave equation potential function from the reflection coefficient. The Gelfand-Levitan-Marchenko (GLM) technique reformulates this inverse-scattering problem as a solution to an integral equation. For the one-dimensional Schrodinger equation, this integral equation reduces to a set of linear simultaneous equations. These equations can be solved numerically in a straightforward manner when the reflection coefficient is a rational function of wavelength. The GLM integral equation has also been applied to inverse scattering problems, where the scattering system is modeled as a pair of coupled-mode equations. Noting this fact, Song and Shin adopted the technique for CWF design. They showed that the GLM integral equation for the coupled-mode case also reduces to a set of linear simultaneous equations, and that these can be solved numerically for rational reflection coefficients. The technique is powerful but complex. In addition, it requires that the reflection coefficient be expressed as a rational polynomial function of wavelength.
The CWF-design method presented in this paper is a natural extension of the Fourier-transform inverse-scattering technique, developed by Delano [19] The outline of this paper is as follows. In Section I1 optical propagation through a CWF is analyzed, along the lines of Basu and Ballantyne 1321, using an effective index method. A two by two transfer matrix is derived for a small section of the guide, whose thickness measured perpendicular to the direction of propagation, is much less than the corrugation period. This matrix is shown to be identical to the corresponding matrix of a single-layer, homogeneous, dielectric slab provided: ( 1) the refractive index of the slab equals the local effective index of the guide, Neff, and (2) the slab thickness is equal to the thickness of the guide section.
The value of Ne, is computed based on the local corrugation height of the guide section, the parameters of the guide, and the dispersion equation for a three material waveguide. Although the equivalent dielectric slab will exhibit some wavelength dispersion, this effect is small enough to be neglected. Thus, with the above provisions satisfied, the correspondence between propagation through one-dimensional, dispersionless, stratified, dielectric media and corrugated waveguides is established.
In Section 111 Fourier-transform inverse-scattering techniques are introduced for one-dimensional, dispersionless, dielectric media. Three different approximate solutions are derived, based upon the direct problem of determining the reflection coefficient r ( A ) given a onedimensional refractive-index profile n ( z ) . Each of the solutions establishes a Fourier-transform relationship between n (~) and a function of r ( A).
Section IV combines the results of the previous two sections to yield an analytic procedure for the design of CWF. First, given a desired reflection coefficient r ( A ) the refractive index profile n ( z ) is found using the Fourier-transform techniques of Section 111. Next, the equivalent effective index profile Neff (z) is evaluated from n ( z ) using the results of Section 11. Finally, the waveguide corrugation is determined from NeE( z) by applying the waveguide dispersion equation.
In Section V two design examples are presented based on the above procedure, and good results are demonstrated. Fabrication issues are also briefly discussed. In Section VI our designs are compared to those obtained using the first Born approximation, a nonlinear renormalization technique, and the exact Gel'fand-Levitan-Marchenko approach for two-component scattering systems. These comparisons indicate that our technique is considerably more accurate than the first Born approximation, virtually identical to the nonlinear renormalization approach, and nearly as accurate as the more complex GLM method. Finally, Section VI1 contains a summary of our results.
THE EFFECTIVE INDEX METHOD
Consider the planar, thin film waveguide shown in Fig.  1 . This is a three-layer dielectric guide, consisting of cover, film and substrate layers, having refractive indexes n,, nf, and n,, respectively. The interface between the film and cover layers has a shallow surface corrugation, which is quasi-periodic. The film thickness of the guide is given by h ( z ) = ho + A h ( z ) , where ho is the film thickness in the unperturbed regions. Light of free-space wavelength X is confined to the film region by total internal reflection at the film-cover and film-substrate interfaces ( n , < n, < nf).
It is assumed that the film is sufficiently thin so that the guide only supports two TE-polarized, contradirectional, guided waves of the lowest order mode. These TE-polarized waves have an electric field component only along the y direction. Following a standard perturbation theory analysis, we write the electric field as where The time dependence of the fields is assumed to be exp [ i w t ] . In (2.1)-(2.3), the subscripts F and B denote the fonvard-propagating (i.e., +z direction) and backwardpropagating (i.e., -z direction) waves, respectively. E(x) is the normalized mode profile supported by the guide in the unperturbed regions. 6 (z) is the propagation constant, and it is given by the dispersion equation below 1251
Neff(z) is the local-effective index of the guide. We decompose the corrugated region of the film into N thin, parallel slabs of equal width A W, = z, -z, -with the geometry of the ith slab as indicated in Fig. 1 . This slab is centered about the point p , = ( z , -+ z,)/2, and it is assumed to be sufficiently thin so that
In the ith slab (2.2) and (2.3) can then be rewritten as From Maxwell's equations it follows that
where U is the permeability of free space and therefore
Combining ( It can be shown that the above effective-index technique is valid for TE-mode propagation [33] , and that it yields results equivalent to those obtained from a coupledmode theory analysis [34] . The development given above can be paralleled for TM-modes, and (2.16), (2.18), (2.19), and (2.20) would be obtained unaltered. It is known, however, that this result is inconsistent with coupled-mode theory [25] . As noted by Verly et al. [35] this discrepancy occurs because the effective index method does not account for the boundary conditions at the corrugated surface-coverplate interface. For TE-modes this fact is not significant, since the E and H fields are always continuous across this interface. For TM-modes, however, there is a periodic discontinuity in E, at the interface. This periodic discontinuity gives rise to an additional coupling term, which the effective-index analysis neglects. It is easy, however, to modify the effective-index method to include this effect [35] , and thus extend our design technique to TM modes.
Consider now a dielectric of infinite extent in the x and y dimensions. Assume that the refractive index variation of the dielectric is only along the z-direction and that a normally incident plane wave strikes its front surface. It is clear that the analysis and the equations given above will remain valid, provided that: (1) E ( x ) is replaced by a constant and (2) Ni is replaced by the refractive index of the ith slab at wavelength A. Thus, TE-mode propagation through a CWF is equivalent to propagation through a one-dimensional, stratified, dielectric media with refractive index n ( z ) = Ne, ( z ) .
Ne, ( z ) is a function of wavelength A, and therefore the refractive index in the equivalent dielectric medium must exhibit dispersion. In most cases, however, the dispersion can be neglected over the filter band of interest. This fact is shown below by bounding the dispersive term in the Ui and Vi matrices. We start with the following two expressions, which are derived in the Appendix.
Ah Ne, (z) and Ah Ne, (z) are the changes in effective index due to wavelength, and film thickness changes AA and Ah, respectively. h,,(z) is the effective film height and is given by [25] AhNeff(z)
ho'
x he,(z) equals the actual film height h ( z ) plus the l / e amplitude penetration depths of the guided mode into the substrate and coverplate regions. Typically, he, ( z ) <
h ( z ) .
Consider first the Vi matrix. In general, AX/h is quite small compared to the maximum values of Ah/h(z), which are typically a few percent [8] . For insta!ce, if the desired filter has a reflection bandwidthoof 10 A and the band center is at a wavelength of 5000 A , then AA/A = It therefore follows from (2.23) and (2.24) that AhNeff(z) << AhNe,(z). Thus, the effect of AhNeff(z) can usually be neglected in the Vi matrices. Next, we will examine the Ui matrix. Using the fact that h ( z ) < h e f f ( z ) , The first and second terms in this expression represent the nondispersive and the wavelength dispersive phase contributions, respectively. In practice, the film index, nf, is often close in value to the substrate index n,. Thus from (2.26), it follows that the wavelength dispersive term in
Vi is usually small compared to the nondispersive contribution. The goal of one-dimensional inverse scattering is to obtain n ( z ) given r ( A, 0) data. Many techniques are available to perform this task, each having a different degree of accuracy and complexity. We have restricted our analysis to Fourier based methods since they are (1) simple to understand, (2) very easy to implement, (3) numerically stable, and (4) yield reasonably accurate results. The exact GLM technique, which is considerably more complex, is discussed in Section VI. The following Fourier design relationships will be used to design corrugated waveguide filters. provided l r ( A, O ) ( << 1 (3.4) where k = 27r/A, the prime denotes a derivative, and n ( s ) equals the refractive index, given as a function of twice the optical path length s; s and sL are given below: wheref( -k ) b f * ( k ) , k 2 0. Equation (3.14) is the approximate solution to the onedimensional, inverse scattering problem for dispersionless, dielectric media. Given r ( A, 0) or T ( k ) , (3.14) together with either (3. lo), (3.1 l), or (3.12) can be used to determine n ( s ) . The refractive index profile is then computed, as a function of z , from (3.9). The Fourier-transform relationship between n ( z ) and f( k ) , expressed by (3.11) and (3.14), will be applied in Section IV to design CWG filters. For comparison purposes designs based on (3.10) and (3.12) will also be examined. Equations (3.11) and (3.12) will be found to yield designs of nearly equal accuracy, while (3.10) will produce a significantly inferior result. Equation (3.4) is the well-known first Born approximation. In the literature [3 11, the design technique based on (3.6) is sometimes referred to as nonlinear renormalization.
Equations (3.5) and (3.6) were first derived by Sossi [20] and Greenewalt er al. [36] , respectively. The derivation of (3.4) and (3.6) follows directly from the Ricatti differential equation for r ( h, s ) [37] . (Below we omit the explicit dependence of r on X for notational simplicity.)
For low reflectivity (i.e., I r ( 0 ) l2 << 1 ), the r2( s ) term can be neglected in (3.15), and direct integration then yields (3.4). At higher reflectivities, we observe [31] 
2 n ( S I Direct integration of (3.19) now produces (3.6). The derivation of (3.5) can be found in [20] , [21] .
IV. CWG FILTER DESIGN
The results derived above will now be applied to the design of CWG filters. In view of the conclusions of Section I1 (3.13) and (3.7) become Once No and ko are specified, A Ne, ( z ) is easily computed from either (4.12) or (4.13). We also note that these computations are numerically stable. Normally ko will be choosen to lie near the center of the reflection coefficient's wavelength band. This choice will produce a 0, which is a slowly varying function of 2. The A N e f f ( ( z ) given by (4.12) can be physically realized by corrugating the waveguide height h. The relationship between the local height corrugation A h ( z ) and A N , , ( z ) is given by (2.24). With I ANeff(z) 1 << No, this equation becomes Equations (4.13) and (4.14), together with the f( k ) ' s specified by (3.10), (3.11), or(3.12), constitute the CWG filter design solution.
Finally, we note that an almost-periodic square wave can be represented as the sum of an infinite number of quasi-sinusoidal terms. At most a single quasi-sinusoidal term in this representation will contribute to the integral of (4.1). The remaining terms will make negligible contributions since they will not be phase matched to the complex exponential e -I k s appearing in the integrand. Therefore, the quasi-sinusoidal A Ne#( z ) can be replaced by a quasi-periodic square wave without affecting r ( h, 0). Each cycle of this square wave will have the same period as the corresponding sinusoid, but an amplitude which is smaller by a factor of ~/ 4 . This ~/ 4 factor is the reciprocal of the first coefficient in the Fourier series expansion of a square wave.
V. DESIGN EXAMPLES
In this section, two CWG filter design examples are presented. The designs are performed using Sossi's Fourier transform technique as described by (3. l l) and (4.13). The design process proceeds in five steps. First, the desired filter reflectance R ( A ) is specified. Second, A N,R( z ) is computed using (4.13) and (3.11), with 4 ( k ) set to zero, and the required integration performed numerically. Third, the period A ( z ) of each cycle of the resulting quasisinusoidal effective index profile is computed as Fourth, the filter length is truncated at the point where I 6Neff(z) I falls below approximately 10% of its maximum value. Fifth, the quasi-sinusoidal profile is replaced by a quasi-periodic square wave profile. Each cycle of this square wave has the same period as the corresponding sinusoid, but an amplitude which is smaller by a factor of ~/ 4 .
Finally, the reflectance of the resulting filter is determined using the matrix-based effective index method described in Section 11.
Two filters, one "linear" and one "parabolic," were designed using the technique described above. Good results were obtained in both cases as indicated by Figs. 2 and 3. The design computations were performed in less than one minute on a MACIIx personal computer. 6 indicates a T phase shift in the sinusoidal grating corrugation. Note that the period is constant in Fig. 7 . This constant periodicity follows directly from (4.13), since 0 ( z ) will be either 0 or 7~ whenf( k ) is symmetrical about Fabrication of nonperiodic corrugated waveguide filters is clearly a difficult task given the feature sizes involved. Below, we present some preliminary thoughts on the process. Two parameters define the filter, the effective index "variation' ' 6 Neff ( z ) and the period A ( z ) . A careful examination of the analysis presented in Section I1 of this k0. In practice, however, the waveguide corrugation is fabricated by etching into the top surface of the guiding layer through a metal patterning mask. As a result, one half of each corrugation cycle has the uncorrugated film/coverplate interface as its upper boundary. Thus, if the corrugation depth is not constant in z, then the average effective index is also a function of z. In this case, the effective index and the optical thickness profiles are given by
The implications of (5.3) and (5.4) are mixed as far as fabrication is concerned. On the positive side they allow the required optical thickness profile to be easily realized through control of the corrugation depth, while maintaining a fixed physical thickness for each corrugation cycle. This point is important, because the required optical thickness variations are simply too small to be realized through changes in physical thickness alone (see Fig. 5 ) .
On the negative side, the corrugation depth profile affects both 6Ne,( z) and optical thickness simultaneously. Thus, these two parameters cannot be controlled independently. The fabrication of almost-periodic waveguide filters may require a several step process. First, the physical height of the uncorrugated guiding layer is slowly tapered. This tapering can be accomplished by etching the waveguide surface through a computer controlled movable slit. Second, a metal submicron periodic mask is created on the surface of the waveguide using holographic exposure techniques on photoresist, followed by metal evaporation. Finally, the periodic pattern is etched into the guiding layer, with an etch depth which depends on position z. This z dependence can be realized using either the slit approach discussed above or focused ion beam etching. By choosing the waveguide taper function and the etch (depth) profile properly, 6Ne,(z) and O T ( z ) can be controlled separately as needed.
VI. COMPARISON WITH OTHER DESIGN TECHNIQUES
In this section, our design results are compared with those obtained using 1) the first Born approximation Fourier-transform method [(3.10) and (4.13)], 2) the nonlinear renormalization Fourier-transform method] (3.12) and (4.13)], and 3) the exact Gel'fand-Levitan-Marchenko technique for two-component scattering systems.
Figs. 8 and 9 show the results of a "linear" filter design based on the first Born approximation and the non- linear renormalization Fourier -transform methods, respectively. The first Born approximation is known to be inaccurate when the reflection coefficient is large. Thus, as Fig. 8 indicates, the first Born approximation method compares unfavorably with Sossi's technique. Fig. 9 indicates, however, that nonlinear renormalization and Sossi's method yield results of comparable accuracy. This is not surprising, since the f( k ) functions given by (3.11) and (3.12) are nearly identical as Table I indicates. Finally, note that the nonlinear renormalization approach has the advantage of being able to include the phase of the reflection coefficient in the design process. The Gel' fand-Levitan-Marchenko technique is an exact method for waveguide filter design. The detailed theory of this method can be found in [18] and [37] and will not be repeated here. In the following discussion we wish only to outline the general approach, indicate its complexity, and apply it to the design of the "linear" filter described in Section V.
Propagation through corrugated waveguide filters can be modeled by the following pair of coupled-mode equa- ; .
where II = 1, . , N (6.3)
for values of z measured along the corrugated waveguide structure. Fifth, compute the coupling coefficient using (6.4) below.
We have applied the above GLM technique to the "linear" filter described in Section V . We start by observing that
A:, (6.7) where N ( A ) is the effective index of the uncorrugated waveguide at wavelength A. In our design we choose A. The denominator function Q ( 6 ) was chosen to be a sixth order Butterworth filter with cut-off at 6 = 0.01883. This Butterworth filter effectively drives G ( A ) to zero for wavelengths lying outside the region between 0.5000 to 0.5010 pm. Fig. 10 shows a plot of the desired corrugated waveguide filter reflectance 1 r ( A ) l2 and the corresponding rational approximation P ( A)/Q( A) described above.
The coupling coefficient q( t) was computed using (6.3) and (6.4) for z sampled every 1.5 pm, up to a total filter length of 750 pm. This calculation took approximately 10 minutes to complete on a MacIIx personal computer. The filter reflection coefficient was then reconstructed by numerically integrating the pair of coupled-mode equations (6.1) and (6.2). The reconstructed result is shown in Fig.  10 , and is nearly identical to the rational reflection coefficient fit. Since the GLM technique is exact, the fit would have been perfect had the length of the filter not been truncated. to the coupling coefficient q ( z ) . The plots were generated using the following relationships [25] .
(6.10)
(6.12) with A. = 0.5005 pm and No = 1.5.
Note that the GLM technique described above is not truly exact, since its accuracy is limited by the rational polynomial fit to the reflection coefficient. Of course, the fit error can be made arbitrarily small, but only at the expense of increasing the number of design computations. As N gets large, numerical problems may also occur. For the examples studied in this paper, the GLM technique performed no better than the simpler Fourier-transform method.
VII. CONCLUSION
Coupling between forward-and backward-propagating modes of a thin film waveguide can be accomplished by corrugating the surface of the guide. The strength of the coupling interaction is a function of both the wavelength h and the surface corrugation. The reflection coefficient r ( A ) defined as the ratio of the complex amplitudes of the backward to the forward-propagating guided modes, specifies the filter. The goal of corrugated waveguide filter design is to determine the needed surface corrugation given an r ( A ) . The resulting corrugation is generally nonperiodic.
In this paper a new filter design technique has been developed for surface-corrugated waveguides. The technique is based on one-dimensional, Fourier-transform methods of inverse scattering theory and the effective index method for waveguide propagation. The approach is a direct extension of inverse scattering techniques previously applied to one-dimensional, dispersionless, dielectric media. The design method places only minor restrictions on the desired filter response. Furthermore, the design procedure is computationally fast, easy to implement, and numerically stable. The procedure is illustrated with two design examples. One of these designs has a parabolically-shaped reflectivity response I r ( A ) l2 while the response shape of the other design is linear. In both cases, good results are obtained.
The design of surface corrugated waveguide filters may also be performed using the Gel'fand-Levitan-Marchenko inverse scattering method for two component systems. In principle, this design method is exact when the reflection coefficient is in the form of a rational polynomial func-IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 26, NO. 11, NOVEMBER 1990 tion. Since this condition is usually not satisfied, the GLM technique is inexact in practice. The accuracy of the technique is no better than one's ability to fit a rational polynomial function to the reflection coefficient data. Furthermore, this fit can only be improved by increasing the degree of the polynomials, which in turn, increases the number of computations required to perform the design. The examples considered in this paper indicate that the simpler Fourier-transform method can often produce adequate designs with much less computations.
APPENDIX
In this appendix, (2.23) and (2.24) of Section I1 are derived. These two equations relate the incremental change in waveguide effective index to an incremental change in either wavelength or corrugation height.
The derivation of (2.24) begins with the dispersion relationship, given below, for the TE modes of a waveguide 
